1. Introduction {#sec1-micromachines-08-00135}
===============

With the development of global navigation satellite systems (GNSS), precision positioning is gradually being applied in dynamic environments, including mobile mapping, autonomous driving, seismic surveying, precision weapon guidance, and other areas \[[@B1-micromachines-08-00135],[@B2-micromachines-08-00135],[@B3-micromachines-08-00135],[@B4-micromachines-08-00135]\]. GNSS carrier phases, observations of precision positioning, are measured by phase locked loops (PLLs). The PLL bandwidth design suffers a dilemma with accuracy and dynamic stress tolerance \[[@B5-micromachines-08-00135]\]. To reduce the noise and improve accuracy, the tracking bandwidth should be narrow \[[@B6-micromachines-08-00135]\]. However, to be better suited for dynamic stress, a wider tracking bandwidth is ideal \[[@B7-micromachines-08-00135],[@B8-micromachines-08-00135]\]. Therefore, in a stand-alone GNSS receiver, a trade-off design of PLL bandwidth is required to adapt various scenarios \[[@B9-micromachines-08-00135]\]. The carrier phase accuracy is worsened in dynamic environments.

External sensor aiding is considered as an alternative to improve carrier phase tracking performance. The inertial navigation system (INS) has a superior dynamic characteristic, which is highly complementary to GNSS. Therefore, GNSS/INS integration is widely studied and applied \[[@B10-micromachines-08-00135],[@B11-micromachines-08-00135],[@B12-micromachines-08-00135],[@B13-micromachines-08-00135],[@B14-micromachines-08-00135]\]. When the INS is used to assist the GNSS receiver baseband, the structure is named deeply coupled system \[[@B15-micromachines-08-00135],[@B16-micromachines-08-00135],[@B17-micromachines-08-00135]\]. The INS information assists PLLs based on the concept of feed-forward \[[@B18-micromachines-08-00135],[@B19-micromachines-08-00135]\]. In INS-aided PLLs, with the aiding of the INS feed-forward branch, PLLs only need to tolerate the error from the aiding information, instead of vehicle dynamic stress. Therefore, INS-aided PLLs do not need to increase loop bandwidth to tolerate dynamics, and the carrier phase tracking performance is better than that of stand-alone PLLs \[[@B20-micromachines-08-00135],[@B21-micromachines-08-00135]\].

The concept of INS-aided PLLs has been proposed and studied in the GNSS community. Alban et al. proposed the INS-aided tracking loop architecture, but its advantage was not fully shown due to simple implementation \[[@B18-micromachines-08-00135]\]. Chiou et al. tested the sensitivity of INS-aided PLLs, with the same design as Alban's \[[@B21-micromachines-08-00135]\]. Mike et al. adjusted the aiding information update rate by extrapolation of the INS velocity, and realized the carrier phase tracking under an acceleration of 40G \[[@B4-micromachines-08-00135]\]. However, INS-aided PLLs were not optimized to improve carrier phase accuracy. Tsujii et al. tested the INS-aided GPS tracking performance under strong ionospheric scintillations, without purposeful design for high dynamics \[[@B17-micromachines-08-00135]\]. Therefore, the tracking error caused by aiding information needed to be analyzed in detail, and INS-aided PLLs needs to be optimally designed to improve the carrier phase accuracy under high dynamics.

To obtain accurate GNSS carrier phase under dynamics, we focus on improving the design of INS-aided PLLs. First, micro-electro-mechanical systems (MEMS) INS-aided PLLs were implemented in our software GNSS/INS deeply-coupled system, and tracking errors caused by aiding information were tested and analyzed under a jerk of 2000 m/s^3^ using hardware simulator. Then, INS-aided PLLs were improved to reduce tracking errors caused by aiding information. Finally, the performance of improved MEMS INS-aided PLLs was evaluated under a jerk of 300 m/s^3^ through field tests.

2. Tracking Error Analysis of INS-Aided PLLs {#sec2-micromachines-08-00135}
============================================

To analyze tracking errors, MEMS INS-aided PLLs were introduced, implemented in our software GNSS/INS deeply-coupled system. Then, INS-aided PLLs were tested using GPS/INS hardware simulator, and tracking errors caused by aiding information were analyzed and used to guide INS-aided PLLs optimization.

2.1. Implementation of INS-Aided PLLs {#sec2dot1-micromachines-08-00135}
-------------------------------------

The structure of INS-aided PLLs implemented in the GNSS/INS deeply-coupled system is shown in [Figure 1](#micromachines-08-00135-f001){ref-type="fig"}. The lower part is the tracking loop branch. When the discriminator output was sent to the low-pass filter 1, it worked as a normal PLL. When the discriminator output was sent to the low-pass filter 2, it worked as an INS-aided PLL. Once the frame synchronization was achieved, the observations and satellite ephemeris could be obtained. The upper part is the INS branch. The inertial measurement unit (IMU) includes three-axis gyroscopes and three-axis accelerometers. The INS mechanization was set to output position, velocity, and attitude. The Kalman filter was to couple GNSS and INS, to restrain divergence of navigation results.

The Doppler measured by the low-pass filter 1 consisted of Doppler between receiver and satellite, frequency error of the receiver clock, and thermal noise. The Doppler between receiver and satellite could be estimated by the INS and satellite ephemeris. When we calculated the receiver velocity, we could also obtain the receiver clock bias. Therefore, with the aiding information assist, the low-pass filter 2 only needed to track thermal noise and the aiding information error.

The estimated Doppler can be expressed as the velocity of the receiver relative to the satellite, projected onto the line-of-sight (LOS) vector. The relationship is expressed in Equation (1) \[[@B22-micromachines-08-00135]\]:$$f_{{dopp},k} = e_{k}^{T}\left( \frac{V_{INS} - V_{{SV},k}}{\mathsf{\lambda}} \right)$$ where, $e_{k}^{T}$ is unit LOS vector from receiver to satellite *k*, *V*~INS~ is velocity of INS, which is the same as receiver, *V*~SV,*k*~ is velocity of satellite *k*, and λ is carrier wavelength.

The estimated Doppler update rate and the numerically controlled oscillator (NCO) update rate may be different and asynchronous. Therefore, the estimated Doppler needed to be extrapolated to the PLL maximum update rate. Because the satellite acceleration is a constant in a short time period, precise Doppler could be obtained via linear extrapolation. The *n*-th estimated Doppler via extrapolation is expressed in Equation (2) \[[@B23-micromachines-08-00135]\]:$$f_{{dopp},k,n} = f_{{dopp},k} + e_{k}^{T}(\frac{a_{INS}}{\mathsf{\lambda}} + \frac{V_{{SV},k,i} - V_{{SV},k,i - 1}}{\mathsf{\lambda}})\frac{n}{1000}$$ where, *a*~INS~ is acceleration of INS, *V*~SV,*k*,*i*~ is velocity of satellite *k* at the *i*-th second, *n* is the number of extrapolation.

The receiver works with normal PLLs before the aiding information is ready. When the difference between the aiding information and the low-pass filter 1 remained small enough, INS-aided PLLs worked as expected. Since the clock drift was smaller than the noise of the calculated clock bias, the clock drift was tracked by the low-pass filter 2. In addition, the acceleration of satellite was no more than 0.2 m/s^2^. Therefore, the estimated error of the aiding information was mainly from the INS velocity.

2.2. Tracking Error Analysis {#sec2dot2-micromachines-08-00135}
----------------------------

The tracking error testing set is shown in [Figure 2](#micromachines-08-00135-f002){ref-type="fig"}. To test tracking errors quantitatively, a GPS/INS hardware simulator was used. A GPS/IMU data synchronous recorder, developed by ourselves, was connected to the simulator to sample GPS intermediate frequency (IF) data and IMU raw data. The raw data was processed using our GNSS/INS deeply-coupled system. Since the tracking errors caused by thermal noise and clock were analyzed in literatures, we focused on analyzing the impact of the aiding information on tracking error \[[@B24-micromachines-08-00135]\]. To highlight the tracking error caused by aiding information, the impact of thermal noise and clock should be reduced as much as possible. Hence, an oven controlled crystal oscillator (OCXO) was used in the recorder to reduce the clock impact on the tracking error, and the carrier to noise ratio (CNR) of the GPS signal was set to 100 dB-Hz, to minimize the thermal noise effect. The IMU parameters set in the simulator were based on a typical MEMS IMU STIM300 \[[@B25-micromachines-08-00135]\]. [Figure 3](#micromachines-08-00135-f003){ref-type="fig"} shows the vehicle dynamics in the motion scenario. The accelerations were set to less than 10 m/s^2^ before 392,915 s. The dynamic had an acceleration of 1000 m/s^2^, and a jerk of 2000 m/s^3^ was set at 392,915--39,298 s.

To tolerate high dynamics, the INS-aided PLLs with a bandwidth of 20 Hz, and an integration time of 1 ms, was used. [Figure 4](#micromachines-08-00135-f004){ref-type="fig"} shows the INS velocity error and PLL tracking error. When the vehicle acceleration in the scenario was less than 10 m/s^2^, the INS velocity error affected by dynamics was not obvious. However, when the vehicle acceleration was 1000 m/s^2^, the INS velocity error was approximately 1.7 m/s. Since the velocity error enters PLLs with the aiding information, the tracking error increased with the velocity error increased. The tracking error increased to 22° when the velocity error was 1.7 m/s.

To analyze the aiding information impact on the tracking error thoroughly, [Figure 4](#micromachines-08-00135-f004){ref-type="fig"} is zoomed in as [Figure 5](#micromachines-08-00135-f005){ref-type="fig"}. The INS velocity error had a step change at each integer second. This was because the INS velocity error was modified by the coupled filter output at each integer second. The INS velocity error modification was helpful to the navigation results, but harmful to assist the PLL operation. The tracking error amplitude was proportional to the step change at each integer second, which could not be ignored even under low dynamics. Therefore, the step change can deteriorate the carrier phase accuracy, and even lead to loss of lock of carrier phase. This problem was only mentioned in the analysis to the impacts of IMU in deep integration by Niu et al. \[[@B26-micromachines-08-00135]\]. However, the solution of this problem was not yet reported to the best of the authors' knowledge. The improved INS-aided PLL structure is proposed to eliminate the impact of the step change in next section.

3. Improvement of INS-Aided PLLs {#sec3-micromachines-08-00135}
================================

The testing results showed that the tracking error caused by the aiding information was proportional to the step change of the INS velocity error at each integer second. This phenomenon can be explained from the theory of the INS-aided PLL. Due to the inertial sensor error, the INS velocity error was diverging over time. And with the dynamics increasing, the INS velocity error caused by the inertial sensor error became larger. When the GNSS observations were updated at each integer second, the INS velocity error was corrected by the coupled filter output \[[@B26-micromachines-08-00135]\]. As we see in [Figure 1](#micromachines-08-00135-f001){ref-type="fig"}, the PLL NCO input is the sum of the filter 2 output and the aiding information. While the aiding information provides the estimated Doppler between satellite and vehicle, the filter outputs the residuals of the Doppler estimation. Due to the INS error divergence before the GNSS updates, the aiding information error accumulates, shown in [Figure 6](#micromachines-08-00135-f006){ref-type="fig"}. To keep the NCO synchronous to the input signal, the filter would output a value to cancel the aiding information error. That means the change of the filter output is opposite to the aiding information error. When the GNSS data updated at each integer second, the INS error was modified. Hence, the aiding information appeared as a step change, sent to the NCO. But the filter could not percept the step change before the loop updates. Therefore, the step change in the NCO caused the tracking error increase, which was consistent with the testing results.

The improved structure of INS-aided PLLs is shown in [Figure 7](#micromachines-08-00135-f007){ref-type="fig"}. There is a frequency step $\Delta f_{aid}$ in the aiding information $\Delta f_{aid}$ at each integer second, caused by the modification of INS velocity. To eliminate the impact of the frequency step on PLL tracking, $\Delta f_{aid}$ was compensated before the aiding information is sent into the NCO of the PLL. Since the modification of INS velocity is output from the coupled Kalman filter, we can obtain the negative value of the frequency step. Therefore, a negative frequency step $- \Delta f_{aid}$ was compensated to the aiding information to eliminate the impact of the frequency step.

Improved MEMS INS-aided PLLs were realized in our deeply-coupled system and were tested using the scenario in [Section 2](#sec2-micromachines-08-00135){ref-type="sec"}. [Figure 8](#micromachines-08-00135-f008){ref-type="fig"} shows the tracking errors of original INS-aided PLL and improved INS-aided PLL. Compared to the original INS-aided PLL, the tracking error caused by the INS velocity step was eliminated in the improved INS-aided PLL. Under low dynamics, the tracking error caused by the optimized aiding information was almost equal to zero, which can be ignored. Even when the acceleration was 1000 m/s^2^, the tracking error caused by the optimized aiding information was no more than 3°. Therefore, with the MEMS INS aiding, the PLL bandwidth did not need to be widened, and the carrier phase error had little increase under high dynamics.

4. Testing and Verification {#sec4-micromachines-08-00135}
===========================

To improve the carrier phase accuracy under high dynamics, we improved INS-aided PLLs and analyzed the tracking error by simulation. To evaluate INS-aided PLL performance, our deeply-coupled system was tested under the field condition. The tracking and navigation results of stand-alone PLLs and MEMS INS-aided PLLs were compared.

4.1. Description of the Test Method {#sec4dot1-micromachines-08-00135}
-----------------------------------

A spinning platform, which can have a high-speed circular movement, was used to carry out the dynamic test, shown in [Figure 9](#micromachines-08-00135-f009){ref-type="fig"}. The speed of the servo motor could be set by control software. The GNSS antenna, the MEMS IMU STIM300, and the raw data recorder were fixed on the rail. The turning radius of the GNSS antenna was 1.5 m, and that of the IMU was 1.0 m. When the rail spun centering on the servo motor, the antenna and the IMU moved with large acceleration.

[Figure 10](#micromachines-08-00135-f010){ref-type="fig"} shows the antenna movement trajectory and the IMU raw output. As seen in [Figure 10](#micromachines-08-00135-f010){ref-type="fig"}a, the antenna had a circular motion with a radius of 1.5 m. The output of the IMU showed that the test platform started to accelerate at the 100th second, and decelerate gradually when the velocity was large enough. The maximum acceleration of the IMU was 34.5 m/s^2^, and the maximum angular velocity was 340°/s. Since the turning radius of the GNSS antenna was 1.5 times of that of the IMU, the maximum acceleration of the antenna was 51.75 m/s^2^, and the maximum jerk of the antenna was larger than 300 m/s^3^.

4.2. Signal Tracking Results Comparison {#sec4dot2-micromachines-08-00135}
---------------------------------------

Taking satellite No.14 with an elevation of 60°, and satellite No.26 with an elevation of 30° as examples, tracking errors of second-order PLLs, third-order PLLs, and MEMS INS-aided second-order PLLs were tested.

[Figure 11](#micromachines-08-00135-f011){ref-type="fig"} shows carrier phase tracking errors of second-order PLLs with an integration time of 1 ms and a bandwidth of 18 Hz. With the increase of the platform acceleration, tracking errors enlarged obviously. The maximum tracking errors of satellite No.14 and satellite No.26 both exceeded the tracking threshold of 45°. That is, the second-order PLLs lost lock under the maximum platform acceleration. In addition, the tracking error of the satellite No.26 was larger than that of the satellite No.14. This is because, compared to the high elevation satellite, the line of sight (LOS) acceleration between the antenna and the low elevation satellite was larger.

[Figure 12](#micromachines-08-00135-f012){ref-type="fig"} shows carrier phase tracking errors of third-order PLLs. Comparing [Figure 12](#micromachines-08-00135-f012){ref-type="fig"}a to [Figure 11](#micromachines-08-00135-f011){ref-type="fig"}, with the same integration time and bandwidth, carrier phase tracking errors of third-order PLLs were smaller than that of second-order PLLs under dynamics. To reduce the tracking error caused by thermal noise, the integration time should be lengthened, and the bandwidth should be narrowed. Tracking errors of third-order PLLs with an integration time of 10 ms and a bandwidth of 10 Hz are shown in [Figure 12](#micromachines-08-00135-f012){ref-type="fig"}b. Compared to [Figure 12](#micromachines-08-00135-f012){ref-type="fig"}a, though tracking errors reduced under statics, tracking errors increased greatly, and caused PLLs to lose lock under dynamics. Therefore, to tolerate dynamic stress, stand-alone PLLs should use short integration time and wide bandwidth, which increases carrier phase noise, especially for weak GNSS signals.

[Figure 13](#micromachines-08-00135-f013){ref-type="fig"} shows carrier phase tracking errors of improved INS-aided second-order PLLs. As is seen in [Figure 13](#micromachines-08-00135-f013){ref-type="fig"}a, with the Doppler aiding of a MEMS INS, tracking errors of second-order PLLs, with an integration time of 1 ms and a bandwidth of 18 Hz, had no increase under dynamics. This illustrates that INS aiding could reduce the impact of dynamics on PLLs. The test results of MEMS INS-aided second-order PLLs with an integration time of 10 ms and a bandwidth of 10 Hz are shown in [Figure 13](#micromachines-08-00135-f013){ref-type="fig"}b. On the one hand, tracking errors caused by thermal noise were suppressed. On the other hand, tracking errors did not increase obviously under dynamics. The results are consistent with the simulation. Therefore, the improved MEMS INS-aided PLLs can suppress tracking errors by thermal noise and dynamics simultaneously, and improve carrier phase measurement accuracy under dynamic environments.

4.3. Navigation Results Comparison {#sec4dot3-micromachines-08-00135}
----------------------------------

The test results in [Section 4.2](#sec4dot2-micromachines-08-00135){ref-type="sec"} show that stand-alone PLLs should use short integration time and wide bandwidth to keep lock under dynamics. Hence, position and velocity results are compared, shown in [Figure 14](#micromachines-08-00135-f014){ref-type="fig"}, based on stand-alone second-order PLLs with an integration time of 1 ms and a bandwidth of 18 Hz, third-order PLLs with an integration time of 1 ms and a bandwidth of 18 Hz, MEMS INS-aided second-order PLLs with an integration time of 1 ms and a bandwidth of 18 Hz, and MEMS INS-aided second-order PLLs with an integration time of 10 ms and a bandwidth of 10 Hz. The position errors based on the four kinds of PLLs did not have significant differences. This is because the position results were calculated by pseudo-ranges, generated by code tracking loops, not obviously affected by PLLs, except for losing lock.

Velocity results were calculated by Doppler, generated by PLLs. As is shown in [Figure 14](#micromachines-08-00135-f014){ref-type="fig"}a, when the platform acceleration increased to the maximum, the velocity error was extremely large. This was caused by losing lock of second-order PLLs. The velocity error in [Figure 14](#micromachines-08-00135-f014){ref-type="fig"}b did not increase obviously under dynamics. This is because a phase error of 50° equates to a Doppler error of 0.14 Hz, only leading to a velocity error of 0.03 m/s. If the carrier phase was used for positioning, the position error would increase obviously under dynamics. Since stand-alone PLLs use short integration times and wide bandwidths under dynamics, the velocity noise was large. The root mean square (RMS) of horizontal velocity error was about 0.25 m/s, and the RMS of vertical velocity error was about 0.70 m/s. The velocity errors were compared, based on MEMS INS-aided second-order PLLs, with an integration time of 1 ms and a bandwidth of 18 Hz, and that with an integration time of 10 ms and a bandwidth of 10 Hz, shown in [Figure 14](#micromachines-08-00135-f014){ref-type="fig"}c,d, respectively. When the integration time was lengthened and the bandwidth was narrowed, the velocity noise reduced obviously. The RMS of horizontal velocity error was about 0.11 m/s, and the RMS of vertical velocity error was about 0.20 m/s. Therefore, the velocity accuracy can be improved by MEMS INS-aided PLLs. The position based carrier phase may be realized through testing in future work.

5. Conclusions {#sec5-micromachines-08-00135}
==============

To obtain accurate carrier phase for GNSS precision positioning under dynamics, we focused on improving the design of MEMS INS-aided PLLs. Typical MEMS INS-aided PLLs were implemented in our software GNSS/INS deeply-coupled system, and tracking errors caused by aiding information were tested and analyzed under a jerk of 2000 m/s^3^ using hardware simulator. Results showed that there was a step change in the aiding information at each integer second, which deteriorated the carrier phase accuracy, even leading to the unlocked PLL. The improved structure of MEMS INS-aided PLLs is proposed to eliminate the step change impact on tracking error. Results showed that even when the jerk was 2000 m/s^3^, the tracking error caused by the optimized aiding information was no more than 3°. Finally, the tracking and navigation performances of stand-alone PLLs and INS-aided PLLs were tested using a spinning platform under the field condition. The stand-alone PLLs could not lengthen integration time and reduce bandwidth to suppress noise, and the carrier phases significantly increased under dynamics. The improved MEMS INS-aided PLLs can suppress tracking errors caused by thermal noise and dynamics simultaneously, and improve carrier phase measurement accuracy under dynamic environments.
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![Carrier phase tracking errors of third-order PLLs. (**a**) PLL with an integration time of 1 ms and a bandwidth of 18 Hz and (**b**) PLL with an integration time of 10ms and a bandwidth of 10 Hz.](micromachines-08-00135-g012){#micromachines-08-00135-f012}
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Position and velocity errors based on different PLLs. (**a**) Stand-alone second-order PLLs, (**b**) stand-alone third-order PLLs, (**c**) INS aided PLL with an integration time of 1 ms and a bandwidth of 18 Hz and (**d**) INS aided PLL with an integration time of 1 ms and a bandwidth of 18 Hz.
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